Literature data for 19 populations from 16 different studies of six species of stream-dwelling salmonids were analysed to test the hypothesis that density-dependent growth is stronger at low rather than at high population density. Fifteen of 19 populations showed evidence of a significant decrease in growth rate with increasing density. In 11 of these 15 populations, the pattern of density-dependent growth was better described by a negative power curve than by a linear regression (i.e. Akaike Information Criterion, AIC linear À AIC power > 2), whereas only one population was better described by a linear regression than by a negative power curve; three populations were adequately described by both models (AIC < 2). In 10 of the 11 populations that were best described by a negative power curve, most of the decrease in growth rate occurred at population densities <1 fish m
INTRODUCTION
Whether or not fish populations exhibit compensatory responses to changes in population density is an important issue for fisheries managers. Stocking programmes want to maximize recruitment without wasting resources by risking density-dependent mortality or growth in either the stocked or the native fish populations. Similarly, restoration plans typically target the limiting habitat type for the limiting life stage (Dodson et al., 1998) . For example, the brown trout Salmo trutta L. population in Black Brows Beck are limited by densitydependent mortality during a critical period immediately after the fry emerge from the gravel, after which mortality is density-independent (Elliott, 1994) . Nursery habitat appears to be limiting in Black Brow's Beck and should be the target for the habitat manager.
Quantifying the abundance of fishes and habitat is a challenge for salmonid biologists. Population density is a suitable measure of abundance for studies of single cohorts, but is not ideal for populations composed of several age-classes or species (Grant et al., 1998) . Biomass is routinely used in these situations, but is not allometrically correct (Grant et al., 1998) . Hence, a variety of allometrically correct measures of total abundance include summing the metabolic requirements, food consumption (Post et al., 1999) , or space requirements (Grant & Kramer, 1990) of the cohorts in the population. Of these measures, per cent habitat saturation (PHS), the percentage of the streambed occupied by the territories of all salmonids in the stream (Grant & Kramer, 1990) , may be the most useful for habitat managers, because it links total abundance to the amount of stream habitat. The remaining challenge is then to estimate the percentage of the total streambed that is actually usable for that population (Armstrong et al., 2003; Girard et al., 2004) .
Density-dependent growth, mortality and emigration have been widely reported in stream-dwelling salmonid populations (Grant & Kramer, 1990; Elliott, 1994) . Interference, the direct interactions between competitors (Keddy, 1989) , is a probable explanation because of the conspicuous territorial behaviour in many of these populations and because the likelihood of these compensatory responses increases with increasing PHS (Grant & Kramer, 1990) . Curiously, the brown trout in Black Brows Beck that exhibit such strong density-dependent loss rates, mediated by territoriality, also exhibit densityindependent growth (Elliott, 1994) . The recent demonstration by Jenkins et al. (1999) of density-dependent growth in brown trout, which was apparently strongest at population densities <1 fish m
À2
, suggests an empirical solution to the contrasting patterns of compensatory responses in Black Brow's Beck. Densityindependent growth in Elliott's (1994) study may have resulted from a relatively narrow range about a high mean population density. Imre et al. (2005) provided strong support for the hypothesis of Jenkins et al. (1999) that density-dependent growth is strongest at low densities. In a 10-year data set, the seasonal growth of age 0þ year Atlantic salmon Salmo salar L. in Catamaran Brook was strongly density-dependent and the patterns of growth were better described by a negative power curve than by a linear regression. Furthermore, the densities at which growth was most strongly affected were too low to expect interference competition via territoriality.
If the patterns of density-dependent growth observed by Jenkins et al. (1999) and Imre et al. (2005) are general, then stream salmonid populations may be regulated by two mechanisms. At high population abundance when space is limiting, density-dependent mortality and emigration probably occur via interference, as suggested by Grant & Kramer (1990) . When population abundance is low, however, density-dependent growth probably occurs via exploitative competition, the depletion of food by competitors (Keddy, 1989) . For a continually renewing resource like stream drift, increasing competitor density will have the greatest effect on the per capita foraging rate at low densities (Fretwell & Lucas, 1970) . Hence, the two mechanisms of competition make contrasting predictions: as the average abundance of salmonids increases, the likelihood of observing density-dependent mortality and emigration increases, whereas the likelihood of observing density-dependent growth decreases.
The purpose of the present study was to test the generality of the Jenkins et al. (1999) hypothesis that density-dependent growth in stream-dwelling salmonids is more intense at low rather than at high population densities. Literature data were first used to test for the incidence of density-dependent growth. In those populations exhibiting density-dependent growth, the relative fit of a negative power curve v. a linear regression with negative slope were compared using the Akaike Information Criterion (AIC, Motulsky & Christopoulos, 2004) .
MATERIALS AND METHODS
The literature was searched for papers reporting the average growth rate of juvenile stream-dwelling salmonids in relation to population density (number m
À2
). The starting points for the search were the references in Grant & Kramer (1990) , Jenkins et al. (1999) , Imre et al. (2005) , and the Web of Science. The reference section of each paper that provided data for the analysis was also searched for other data sets.
To be included in the analysis, a paper had to provide either tabulated data (Elliott, 1984 a, b) or scatterplots of data, from which growth rate and population density could be interpolated (Close & Anderson, 1992) . Measures of growth rate included instantaneous growth rate per day (Crisp, 1993) , per cent growth per day (Randall, 1982) , or seasonal growth of age 0þ year fishes (i.e. body length or mass at the end of the growing season; Imre et al., 2005) . The growth rate of known individuals was not monitored in any of these studies, and so is reported as the average growth rate of the age 0þ year cohort. In the one exception (see below), the growth rate of the age 1þ year cohort was calculated as the average gain in mass over the summer (Hunt, 1974) . Only one summary data set was included in the analysis from each of Jenkins et al. (1999) and Imre et al. (2005) , because these studies are linked with the hypothesis.
To determine whether growth rate was density-dependent or not, growth rate was regressed on population density using ordinary least squares regression and a negative power curve, estimated by the non-linear-models module of Statistica 7Á0 (StatSoft, 2004) . The population was scored as exhibiting density-dependent growth if either model was significant (i.e. P < 0Á05), or in one study (Crisp, 1995) , if the original authors reported a significant decrease in growth rate with increasing density. For those populations exhibiting density-dependent growth, the shape of the relationship was explored by calculating the AIC, for both models. The model with the smallest AIC value was considered to offer a markedly better description of the data if the difference in AIC values was >2 (Motulsky & Christopoulos, 2004) .
To compare the patterns of growth rate v. density for all 18 populations of age 0þ year fishes, all the data were plotted on the same double logarithmic axes. To facilitate this comparison, mass of the age 0þ year cohort at the end of the growing season was used as the common measure of average growth rate. Instantaneous growth rate in Crisp (1993) was translated to mass on 1 October by assuming that age 0þ year fishes emerge on 1 May at 0Á19 g. Growth rate in Randall (1982) was translated to mass on 31 August by assuming that all fishes were 1 g on 1 July. Mass gain in Harvey & Nakamoto (1996) was translated to mass at the end of the experiment by assuming that the initial size of all fish was 3Á59 g. Fork length (L F ) in Gee et al. (1978) and Imre et al. (2005) were translated to mass using mass v. L F relationships for those populations. For the three populations where no such relationship was available (Egglishaw & Shackley, 1985; Hartman & Scrivener, 1990; Whalen & LaBar, 1994) , L F (cm) was converted to mass (M, g) using the equation from Grant & Kramer (1990) 
To estimate an overall relationship between mass and density for age 0þ year fishes, the average slope was calculated for the 18 populations, 17 of which were straight lines on double logarithmic axes (see below). For the single non-linear population (Gee et al., 1978) , the slope of the non-significant least squares regression of log 10 mass and log 10 density was used. Because each individual regression went through the mean density, mean mass for that population (i.e. mean x and mean y), the overall slope was fitted 102 J . W . A . G R A N T A N D I . I M R E through the overall mean: average of the 18 mean densities, and average of the 18 mean masses (Sokal & Rohlf, 1995) .
To determine whether the incidence of density-dependent growth was related to salmonid abundance across studies, a logistic regression was used. Whether or not a population exhibited density-dependent growth (yes ¼ 1 and no ¼ 0) was regressed against the median per cent habitat saturation (PHS, Grant & Kramer, 1990) for the cohorts of interest in each population. PHS was calculated from: PHS ¼ 100 D i T i 1Á19, where D i is the actual density (no m À2 ) of the cohort, T i is the predicted territory size (m 2 ) for the average fish in the cohort, and 1Á19 is a correction factor (Grant & Kramer, 1990) . Territory size (A, m 2 ) was calculated as (Grant & Kramer, 1990) : log 10 A ¼ 2Á61 log 10 L À 2Á83 or, log 10 A ¼ 0Á86 log 10 M À 1Á17. In this analysis each of the 19 populations in Table I (see below) was used, in addition to four populations described in Crisp (1995) . These last four studies could not be used in the AIC analysis because the raw data were not available.
RESULTS
Data from 16 different papers (Table I) , representing six different species were used to evaluate the patterns of density-dependent growth in stream-dwelling salmonids. These data allowed the pattern of density-dependent growth for 19 different populations, 13 and six of which were from North America and the U.K., respectively, to be compared.
Fifteen of 19 populations showed evidence of density-dependent growth (Table I) ; in all 15 cases growth rate decreased significantly with increasing density (Fig. 1) . Of the four populations showing density-independent growth, Elliott's (1984a, b) study of brown trout is perhaps the most notable [ Fig. 1(f) ]. In the three other cases [ Fig. 1(a) , (e), (l)], the population with density-independent growth represented one of two populations reported in the paper; in all three cases the other population showed density-dependent growth [i.e. Fig. 1(b) , (d), (m)]. The real incidence of density-dependent growth in salmonid populations may be lower than the 75% noted in this analysis because of the reluctance of authors to publish non-significant results (the file drawer effect, Palmer, 2000) . A regression of one measure of effect size, the r 2 -value, v. sample size was not significant (n ¼ 19, P >> 0Á05), however, indicating no strong evidence of a reporting bias (Palmer, 2000) .
Of the 15 populations exhibiting density-dependent growth, 11 were markedly better described (i.e. absolute value of AIC > 2) by a negative power curve than by a linear regression with a negative slope, whereas the opposite was true in only one case (sign test, P < 0Á01). In three cases, both models adequately described the significant decrease in growth rate with increasing density. Hence, this comparative analysis provides strong support for the Jenkins et al. (1999) hypothesis that changes in growth rate with increasing density within populations occur most strongly at low as opposed to high densities.
When all 18 age 0þ year populations were plotted on the same axes, considerable variation in both growth rate and population density were evident (Fig. 2) . Three of four populations with density-independent growth exhibited a narrow range in population density; populations e, f, and g (Fig. 2) ranked 14th, 19th , and 18th out of 19 populations, respectively, in range of population density. In contrast, the steelhead trout Oncorhynchus mykiss (Walbaum) in the Stewart River (population a) had the third highest range in population density and yet TABLE I. Literature data providing patterns of growth rate of stream-dwelling salmonids in relation to population density. The letters indicating the source of the data refer to the panels in Fig. 1 Source of data Species/age class Condition Metric of growth ;  Table I ); e, Egglishaw & Shackley (1985;  and that the negative power curve was significant (P < 0Á05), and vice versa for linear. Both means that the negative power curve and the linear regression were both significant, but neither provided a markedly better fit than the other according to the AIC. NS; not significant. PHS, per cent habitat saturation (Grant and Kramer 1990) . FIG. 1. Average growth rate (mass or length of age 0þ year fishes at the end of the summer, mass gain, or instantaneous growth rate) of juvenile salmonid fishes in streams in relation to population density.
No line means that growth rate was not significantly (P > 0Á05) related to population density. A curved line means that the Akaike Information Criterion (AIC) was markedly smaller for a negative power curve than for a linear regression (i.e. AIC linear À AIC power > 2), and vice-versa for a straight line. A curve and a straight line mean that both models provided an adequate description of the data. The letters refer to the populations in Table I . Note the different x and y axes on various figures.
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105 exhibited density-independent growth (Fig. 2) . Overall, populations with and without density-dependent growth did not differ significantly in the range of population density (two-sample t-test, n ¼ 19, P ¼ 0Á21). Despite the considerable variation depicted in Fig. 2 , all age 0þ year populations exhibited a decrease in average mass with increasing population density. The average slope of the 18 regressions was À0Á244 (n ¼ 18, 95% CL ¼ À0Á327, À0Á161). Fitting this average slope through the mean density and mean mass for the 18 populations (x ¼ 0Á546 fish m
À2
, y ¼ 2Á877 g) yielded an overall regression of: log 10 M ¼ 0Á395 À 0Á244 log 10 density.
A logistic regression was used to test whether salmonid abundance affected the incidence of density-dependent growth between populations. Median per cent habitat saturation (PHS, Grant & Kramer, 1990 ) was used to quantify salmonid abundance in a particular study instead of population density to adjust for size differences between populations (Grant et al., 1998) . When comparing between populations, the occurrence of density-dependent growth was not significantly related to PHS ( Fig. 3 ; logistic regression, n ¼ 23, P ¼ 0Á41). The pattern of density-dependent growth v. PHS in this study differed markedly from the pattern of density-dependent growth, mortality and emigration noted in Grant & Kramer (1990;  Fig. 3 ). At a PHS <10, density-dependent growth was always observed in this study, whereas they were unlikely in Grant & Kramer's (1990) analysis.
DISCUSSION
Seventy-five per cent of the populations in this analysis exhibited densitydependent growth. Nevertheless, density-dependent growth should not always Table I ). Note the logarithmic scale on both axes. To simplify the graphical presentation, straight lines were used for all populations except h, which was markedly better described by a linear regression than a negative power curve on an arithmetic scale (see Fig. 1 ). The bold line is the average slope of the 18 regressions fitted through the average density and the average mass.
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be expected, because other factors that affect growth, such as water temperature (Egglishaw & Shackley, 1985) , food abundance (Imre et al., 2004) , or competition with other age-classes or species (Kennedy & Strange, 1986 ) may sometimes override the effects of density (Elliott, 1994) . Within populations, the literature data provided broad general support for the hypothesis that the density-dependent growth rate of individual salmonids in streams is stronger at low rather than at high population densities. Ironically, the data from Jenkins et al. (1999) provided only equivocal support for their own hypothesis. The present analysis, however, only included one of their data sets; it may be that other data sets in their paper provided strong support for the hypothesis of a negative power curve. Jenkins et al. (1999) also hypothesized that the failure of Elliott (1984a, b) to detect density-dependent growth was related to the narrow range and the high mean density of fish in Black Brow's Beck. Of the two explanations, the former seems more likely because Elliott's (1984a, b) population ranked 18th out of 19 in terms of range of density, but only sixth in terms of median density and fifth in PHS. Alternatively, Elliott's (1984a, b) result may have occurred because the brown trout in Black Brow's Beck were growing at maximal rates for the ambient water temperature (Elliott, 1994) , and hence were unaffected by density. Although populations exhibiting density-independent growth tended to have narrow ranges in density and higher salmonid abundance (Fig. 3) , as predicted by Jenkins et al. (1999) , neither comparison was significant.
This comparative analysis supports the hypothesis that stream salmonid populations are regulated in two ways: density-dependent growth via exploitative competition at low densities and density-dependent mortality and emigration via Grant & Kramer, 1990) . , Populations in Table I and four others from Crisp (1995) , depicting whether or not they exhibit density-dependent growth in relation to the median PHS. The solid line is the non-significant (P ¼ 0Á41) logistic regression for these data. For comparison, the dotted line is a logistic regression depicting the occurrence of density-dependent growth, survival, and emigration versus PHS from Grant & Kramer (1990) .
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interference at high densities. In 10 of 11 populations whose patterns of growth were best described by a negative power curve, most of the decrease in growth rate occurred at densities <1 fish m
À2
. At these low densities, space should not normally be limiting (Grant & Kramer, 1990) , suggesting that density-dependent growth is caused by exploitation rather than interference competition. The contrasting patterns of logistic regressions in Fig. 3 provide further support for this hypothesis. Growth data accounted for only 29% of the data in Grant & Kramer's (1990) analysis and the dramatic increase in compensatory responses at high PHS in their study was caused primarily by high rates of emigration at high PHS.
A paired analysis of populations in which both growth rate and loss rate were measured over a broad range in population density would provide a powerful test of this two-mechanisms hypothesis. Such an analysis would also aid fisheries managers in evaluating the trade-off between the density of fishes in a stream and the growth rate and mortality rate of each fish. The average slope (À0Á244) of the mass v. density regressions in Fig. 2 indicates that the average mass of a fish decreases by c. 15% for every doubling in fish density. At low densities when mortality rate is probably density independent, this decrease in individual growth rate is more than compensated by an increase in density: the biomass of age 0þ year fishes would increase by c. 1Á7 times for every doubling in density. At higher densities, however, the joint effects of density-dependent growth and mortality on the population dynamics of the cohort needs further exploration.
